R~sum6 -L'etude de la cinbtique de depat chimique en phase vapeur de Si,N4 sur substrat graphite par pyrolyse de melanges tbtramethylsilane-ammoniac-hydroghe est ccnduite dans un four B parois chaudes sous pression reduite. Les conditions experimentales permettant un contrdle de la vitesse de depat par la reaction de surface sont definies. La structure et la composition des dBp8ts correspondants sont egalement precisees.
-INTRODUCTION
Chemical vapour deposition (CVD) can produce non-oxide ceramics with properties that cannot be obtained in monolithics. For example, the product of CVD may be stronger, harder and more corrosion, oxidation or erosion-resistant than the same compound consolidated by sintering /1,2/. The improved properties of coatings.are attributable to fine grain size, high density and purity. Hence a major advantage of CVD processes is the ability to control the microstucture and by extension to optimize the properties of the coating.
The purpose of this work has been to detail the influence of the experimental parameters on the deposition rate, microstucture and composition of silicon nitride, obtained from tetramethylsilane (TMS) and ammonia, in order to find out the optimal conditions for protection against oxidation of porous reaction-bonded silicon nitride (RBSN) substrates.
-EXPERIMENTAL
The Si(CH3)4/NH3 system was chosen because TMS is an organometallic precursor easy to handle since it is not corrosive, does not readily hydrolyze and has a high vapour pressure at ambient temperature. Also, previous experimental and thermodynamic investigations of this system 13-121, have shown the existence of a wide deposition domain for Si,N4.
The vertical hot-wall type low pressure CVD reactor used is shown schematically in Fig. 1 . The reaction chamber was a graphite tube 88 mm high and 40 rmn in diameter inductively heated at 30 kHz. The reactor and the inductor are both located in a water cooled stainless steel vacuum tight chamber 400 mm high and 350 mm in diameter. The low frequency used prevents plasma-generation at low pressures. The reactant gases TMS, NH,, Hz were metered through mass flowmeters and the gas mixture was fed to the top of the reactor through a quartz injector 8 mm in diameter. The vacuum pump was protected against solid or gaseous reaction by-products by a powder filter and a liquid-nitrogen cold trap. The temperature was controlled using a Pt-(Pt-10% Rh) thermocouple sheathed in a quartz tube inserted in the graphite sample holder. The substrates were graphite disks 10 mm in diameter and 5 mm high.
Deposition rate was determined by weight increase. X-ray diffraction (XRD) was used to identify the coatings. The morphology was characterized using optical or scanning electron microscopy (SEM). The composition of the deposits was checked by electron probe microanalysis (EPM), Auger electron spectroscopy (AES) and electron spectroscopy for chemical analysis (ESCA).
-RESULTS AND DISCUSSION 3.1 -Preliminary studies
In previous studies 13-121 it has been shown that four condensed phases (Si, C, Sic, Si3N4) are likely to deposit. However, it is possible to obtain pure silicon nitride with an excess of ammonia (N/Si>3) over a wide temperature range (800-1500 "C). The experimental domain explored in this work is presented in Table I .
The XRD analysis reveals the exclusive presence of a-Si3N, as a crystalline phase at 1250°C and above.
In the amorphous region, the AES, ESCA and quantitative electron microprobe analyses indicate the predominant presence of Si,N, plus small amounts of oxygen (4 wt % ) and carbon (5-7 wt I ) . In the crystalline region, the oxygen content does not change while the carbon content decreases down to 2 wt %.
The SEM analysis of the corresponding coatings show that with increasing temperature and decreasing pressure, the microstructure varies from dome-like cone to fine column. An increase of the N/Si ratio results in a noticeable decrease of the size of the cones.
-Experimental design
In order to determine the main parameters controlling the vapour deposition rate (R) of silicon nitride, we have used a fractional factorial design 2n-1. A preliminary "screening" of these parameters has allowed us to select those having a significant influence on the deposition process 1131. These five factors (n=5), temperature (T), total pressure (P), Nisi ratio (NjSi), total flow rate of the reactants TMS and NH3 (DR), flow rate of hydrogen (D,), and their domain of variation, are given in table 11. Such a method presents the great advantage of reducing the number of experiments to only 16. It leads to a description of the response parameter (deposition rate R (rng.~m-~.h-')) by a polynomial function of these five factors and of their product :
A reproducibility test conducted in the center of the experimental domain gives a relative deviation of 5 2 . An analysis of the variance 1131, based on the classification by decreasing order of the coefficients of the polynomial expression and on the selection of the only coefficients satisfying the significance level of 0.05 (test of SNEDECOR) leads to the expression :
The main factors controlling the reaction rate are the temperature and the total pressure. Two other factors (D, and NISi) appear in this expression, but in interaction with the two first ones. On the contrary the parameter DR is absent but it may be due to the small extent of the variation domain of this parameter (max/min = 1.3).
-Kinetics
A complementary study of the influence of CVD parameters (deposition time, deposition temperature, total flow rate and partial pressure of reactant gases) on the deposition rate of Si3Nf, was conducted in order to locate the regions where the limiting process is respect~vely the surface reaction and the mass transport. Such a knowledge is very important to improve the deposition technology and to obtain uniform deposition.
-Deposition time
The weight of the samples increases linearly with deposition time as shown in Fig. 2 . This means that the reaction is carried out under the steady state and that the deposition R rate can be directly derived from the slope of the straight lines.
-Deposition temperature
In agreement with the experimental design results, Fig. 3 shows that at a given total pressure the deposition rate increases strongly with temperature. The Arrhenius plot of Fig.  4 reveals the existence of a deviation from a straight line above 1200°C. In the lower temperature range, the apparent activation energy E is close to 315 kJ/mol.
In the higher temperature range, the activation energy decreases and its value is a function of pressure (80<E<190 kJ/mol). These results suggest a change from surface reaction control to mass transport control of the deposition process as temperature increases. The influence of the total pressure is illustrated in Figs. 3 to 5. At constant temperature, R globally increases with pressure and the pressure dependence of the deposition rate increases with temperature. However, at the higher temperatures, a gradual decrease of R is observed above a critical value of P (Fig. 5 ). This decrease is probably due to the depletion of'reactants caused by the homogeneous nucleation whose rate increases with the total pressure and the temperature. This phenomenon is due to the change of the deposition mechanism. An increase in growth with input flow rate indicates mass transport limitations 114-161. Therefore, the deposition rate is controlled by the mass transport at low total flow rates (%<2 l/h) and high temperatures (T>1200°C). On the reverse, it is controlled by the surface reaction at high total flow rates (DR>1.5 l/h) and low temperatures (T<1300°C).
The decrease in growth with input flow rate observed at 1300°C for high values of DR (>1.5 l/h) may be attributed to the contribution of homogeneous nucleation. Such a phenomenon has been already observed in the case of the deposition of silicon nitride from silane-ammonia mixtures 1171.
-Partial pressures of TMS and NH3
Figures 7A and 7B present the effect of the partial pressures of TMS and NH3 respectively on the deposition rate. The study was conducted under experimental conditions where the surface chemical reaction is rate controlling and the homogeneous reaction is negligible (T<1200°C. P close to 4 Torr). The growth rate can be described by the following empirical expression :
giving the reaction orders with respect to the two partial pressures. This expression shows that R is independent of the concentration of NH3 while there is a linear relationship between R and the concentration of TMS. In addition it reveals the independence of the exponents upon the nature of the diluent gas.
3.3.6 -Influence of the diluent gas However, Figs. 7A and 7B show that at 1200°C and a given pressure of TMS or NH3 R sligthly decreases when hydrogen is replaced by N2 ,or Ar. Therefore &e have studied the influence of the partial pressure of each of these gases between 1100 and 1200 OC. The results are illustrated by the Ln(R)-Ln(P) plots of Figs. 8A, 8B and 8C. While the exponent of the corresponding power law (R = cte.Pn) is independent of temperature (n = -3.15) in the case of Ar (Fig.8A) , it increases with temperature when the carrier gas is H2 (Fig. 8B) or N2 (Fig. 8C ).
3.3.7 -Comparison with previous studies of the kinetics of Si3N, film deposition and discussion of the reaction mechanism
The obtained results concerning TMS and NH3 are in complete agreement with those previously published for various silicon nitride film deposition processes conducted under kinetic regime control 115,161. When a silicon-containing compound (SiH4, SiH,Cl,, SiC1,. . . ) is reacted with an excess of NH,, the reaction order is zero with respect to this second reactant, while it is one for the first one which acts as the limiting reagent /15,16/. Such a behaviour may be described by the Rideal-Eley mechanism for heterogeneous deposition which assumes a reaction between a molecule A adsorbed and a molecule B from the gaseous phase 112, 151. However this does not means that the actual adsorbed phase is TMS, as suggested by the'global chemical reaction : chemical : an addition of any carrier gas induces a dilution of the reactants. This effect explains why R diminishes as a function of the partial pressure of argon and independently of the temperature because the exponent n of the corresponding power law is constant (Fig. 8A) . On the reverse, the increase of n as a function of temperature, observed in the case of Hz . (Fig. 8B) and N, (Fig. SC) , suggests that these two gases play a direct chemical role. This effect is especially sensible in the case of nitrogen where where n increases fom -5 at llOO°C up to 1.4 at 1200°C. Therefore the influence of the partial pressure of carrier gases on the deposition rate is complex. However the particular role played by N, and Hz may originate in an initiation of the reaction within the gas phase. An indirect proof of this hypothesis is given by the dependence of the apparent activation energy on the nature of the carrier gas. For example, the value determined in the present work (315 kJ/mol) is significantly higher than the corresponding ones determined in presence of nitrogen (272 kJ/mol) 1121 or without diluent gas (167 kJ/mol) 1191.
-CONCLUSION
The effect of the experimental parameters on the deposition rate of Si3N4 films has been studied either through a statistical experimental planning or a systematic kinetic investigation. By performing the deposition at relatively low pressures (4<P<10 torr), low concentrations of silicon precursor in presence of an excess of ammonia (5<NISi<lO) and using hydrogen (80 llh) as a carrier gas it is possible to minimize the homogeneous nucleation. The experimental results show that the deposition is limited by the surface chemical reaction between 1000 and 1200°C. In this range the reaction order is zero with respect to NH3 and one with respect to TMS. In addition carrier gases such as hydrogen and nitrogen have a chemical effect suggesting the contribution of homogeneous reactions within the gas phase to the global process. The corresponding Si,N, films are dense, amorphous and contains traces of oxygen and carbon.
The next step of this work will concern the optimization of the deposition conditions with respect to the oxidation resistance of the films in order to protect RBSN samples.
